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Abstract

Abstract

The study investigates the optimization of build orientation in additive manufacturing,
an influential factor affecting mechanical properties, surface and part quality, and
process efficiency. Two orientation evaluation strategies are compared: the commer-
cial software Autodesk Netfabb and a novel multi-criteria algorithm developed at
RWTH Aachen University.

The proposed algorithm is designed to minimize thermally induced deformation dur-
ing printing with Powder Bed Fusion — Laser Beam Melting technology. It employs
six Key Performance Indicators (KPIs) derived from part geometry, which are evalu-
ated on a layer-by-layer basis to assess deformation risk. While the study identifies
correlations between geometric KPIs, the orientation ratings generated by the algo-
rithm exhibit inconsistencies and limited reliability. The method is benchmarked
against Autodesk Netfabb’s commercial orientation tool, which utilizes a multi-objec-

tive optimization approach, using a shared dataset of test parts.

The critical comparison highlights the respective strengths and limitations of both
approaches and proposes directions for future methodological improvements in de-

fining build orientation.

Keywords: Additive Manufacturing, Build Orientation, Thermal Deformation, Opti-

mization Algorithm
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1 Introduction

Additive manufacturing (AM) is a group of technologies which are defined by the nor-
mative ISO/ASTM 52900 as: “A process of joining materials to make parts from 3D
model data, usually layer upon layer, as opposed to subtractive and formative manu-
facturing methodologies”. These AM technologies developed themselves with multiply
group of materials, the most relevant in terms of applications and distribution are pol-
ymers and metals. Additive manufacturing is most widely utilized in the aerospace,

automotive and medical industries (Vafadar et al. 2021).

The study focuses on the definition of print orientation in additive manufacturing and
its role in the decision-making process, emphasizing the impact of orientation on the
quality and performance of the final components. To explore this issue, a comparative
analysis was carried out between orientation strategies produced by widely used com-
mercial software and those generated by a novel optimization algorithm developed at
RWTH Aachen University. The in-house algorithm adopts a multi-objective approach,
integrating geometric criteria to identify orientations that balance competing require-
ments. The comparison aimed to assess the effectiveness and limitations of both ap-

proaches in achieving optimal build orientations.

1.1 Influence of the orientation

Despite the development that AM technologies have undergone since their invention;
they still suffer from problems relating to the reproducibility and repeatability of the
process. These obstacles related to the repeatability has an influence also on quality
of the components printed with additive technologies. One of the most important pa-
rameters for the determination of the quality of the component is the build orientation.
Indeed, the build orientation play a significant role in many aspects of the results of the
components for both class of materials: polymeric and metals. Build orientation is the
spatial arrangement of a 3D model within the build chamber of an additive manufac-
turing system, characterized by its rotation angles about the X, Y, and Z axes of the
building plate. It determines the sequence and direction of layer deposition.

There are some differences in the effects of the orientation on the different materials

and technologies.
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1.1.1 Polymeric

The build orientation during the printing of components in plastic material has an im-

pact on different areas:

- Support structures: in many of the plastic AM technologies the use of support is

necessary, indeed they are used in fused deposition modelling (FDM, trade-
name of Stratasys) and Stereolithography (SLA). These structures are neces-
sary to avoid collapses of the component during its construction and in some
cases as in also of protections.
Support structures are also related or responsible for several negative effects.
The massive presence of supports leads to an increase in overall costs. Indeed,
the amount of material needed to print the component increases, as does the
time needed. In addition, post-treatment is needed to remove the support struc-
tures. These treatments can have little impact, as in the case of FDM with poly-
mers that dissolve in water or specific solutions. But often, as in the case of
technologies such as SLA and FDM with technical polymers, removal is more
complex because the supports are in the same material as the component.
Therefore, removal is often manual and there is a risk of damaging the compo-
nent.

- Delamination: This phenomenon is the separation of two consecutive layers,
this is due to poor adhesion between the layers and can also occur during print-
ing leading to the failure of the construction. Delamination occurs mainly with
composite materials because the introduction of fibers increases the anisotropy
and the bonding between the matrix and the fibers is critical and related with the
interfacial failure. Consequently, composite materials exhibit a significantly
higher sensitivity to build orientation compared to the polymeric counterparts.
Specifically, components fabricated in a horizontal orientation (parallel to the
XY-plane) tend to demonstrate enhanced mechanical performance and re-
duced susceptibility to interlayer delamination.

- Mechanical properties: Numerous studies have investigated the influence of
build orientation on various mechanical properties across different additive man-
ufacturing technologies. Li studied the impact of the build orientation on the ste-
reolithography with experiments based on destructive tests. He discovered that
the tensile strength is highly influenced by printing orientation, however, elastic

modulus is not affected significantly by the orientation. The study shows that
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fracture toughness depends on the printing orientation, following a trend where
toughness increases initially with orientation angle and then decreases, with a
maximum at an intermediate angle. (Li e Teng 2024). Sedighi investigated the
effect on the parts printed with FDM of the build orientation. The results are
similar, indeed the elastic modulus did not undergo significant changes, while,
fracture toughness and flexural strength showed a relevant correlation (Sedighi
et al. 2020). Calignano examined the two polymeric powder bed fusion tech-
niques: MJF (multi jet fusion) and SLS (selective laser sintering) with the same
material: polyamide 12 (PA12). The results show a correlation between the me-
chanical properties and the build orientation for both technologies. Indeed, an
anisotropy behaviour characterized both: SLS and MJF, however, SLS parts
showed a greater sensitivity to orientation effects, which are particularly evident
for the vertical sample. Parts made with MJF exhibited higher ultimate strength
but lower toughness. Those evidence are explained with the different density,
form and dimension of pores in the samples (Calignano et al. 2021)

- Surface roughness and surface quality: Due to the AM characteristic, surface
roughness is influenced by the stair-stepping effect. This phenomenon depends
on the height of the layer, in fact, as far as polymeric AM technologies are con-
cerned, the most involved is FDM due to thicker layers. Chand suggested that
the parts for the MJP-based 3D printing should be placed along the maximum
area in contact with the base plate. It will provide better heat dissipation from
the hot layers to the base plate, Result in more uniform cooling and material
contraction and consequently in a better surface quality (Chand et al. 2023).
The effect of the orientation on geometrical accuracy and surface roughness in
parts printed with FDM is studied by Turek. The investigation determined that
the orientation does not impact significantly the geometrical accuracy. In con-
trast the surface roughness is dependent to the build orientation. It is demon-
strated that the horizontal surfaces has the lowest roughness, the angled sur-
face that suffer the stair-stepping effect showed the highest roughness with in-
termediate results for the supported surfaces (Turek et al. 2024)

- Cost: the build orientation significantly affects the final cost of an additively man-
ufactured component, primarily through two dependent parameters: the number
of layers required, and the amount of waste material generated. The machine
operating cost is closely related to the build time, determined by the number of

layers, and to the volume of support structures, which in turn influences material
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consumption. Raut, through his studies, confirms the relevance of these cost-

driving factors specifically in the context of FDM (Raut et al. 2014).

1.1.2 Metal

As regards the production of metal components through additive manufacturing, there

are problems with the plastic sector such as:

Support structure: support structures are also essential in metal additive manu-
facturing and are present in all three of the most commonly used technologies:
Laser Beam Powder Bed Fusion — Metals (PBF-LB/M), Directed Energy Depo-
sition (DED), and Electron Beam Powder Bed Fusion — Metals (PBF-EB/M). In
both PBF-LB/M and DED, these structures primarily serve a mechanical support
function, with a secondary role in managing heat during the manufacturing pro-
cess. Instead, in the case of PBF-EB/M the piece is supported by the powder
itself, and the function of the supports is linked to thermal management. in this
case the negative effects of using these structures are even more serious. the
impact on costs is generally higher due to the higher cost per gram for metal
powders. Furthermore, their removal is more complex and requires post-treat-
ments.

Mechanical properties: due to the nature of the process, components exhibit
different mechanical properties in the XY plane compared to the Z direction,
which is congruent with the building direction. This is particularly evident in some
metals (Palmeri et al. 2022). This phenomenon is more pronounced for certain
materials, furthermore the DED process is characterised by a lower adhesion
between the layers, this leads to marked anisotropy. Part orientation allows the
optimization of these properties based on expected loads. Moreover, the varia-
bility in microstructure related to the local thermal history affects mechanical
properties, such as fracture behaviour, hardness and residual stresses (Mertens
et al. 2020).

Cost and time: the build orientation significantly influences the required printing
time. Specifically, the number of layers, one of the main factors determining
production time, is directly related to the height along the Z-axis, which is, in
turn, dictated by the component’s orientation. Furthermore, as previously dis-
cussed, orientation affects the need for support structures, which also contribute

to increased printing time.
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The cost of the component depends largely on the production time, as it is linked
to machine usage duration and material waste. The latter is influenced by both
the quantity and positioning of the support structures.

- Surface roughness: surface roughness is influenced by several factors, includ-
ing layer height, laser parameters and part orientation. Roughness is higher on
downskin surfaces due to phenomena related to the different thermal conduc-
tivity of the powder, such as balling or partially bonded particles. The balling
effect increases the formation of discontinuous borders that occurs during the
laser melting of the metal powder. Balling is the breakup of the molten pool into
small entities. During the melting of metal powders, the high thermal gradient
between different volumes of the molten material generates a difference in sur-
face tension within the pool, which produces Marangoni convection. The par-
tially bonded particles are observed at step edges due to insufficient heat during
laser melting, preventing full sintering. As the sloping angle increases, the con-
centration of these particles rises because the step edges become more closely
spaced (Strano et al. 2013)

- Thermal stresses and deformations: the processes of metal AM are susceptible
to residual stresses and thermal distortions, which can compromise mechanical
performance, dimensional accuracy, and overall part functionality. These issues
are primarily caused by steep thermal gradients and rapid cooling rates resulting
from the localized heating of the moving laser. This phenomenon, known as the
thermal gradient mechanism, induces repeated expansion and contraction cy-
cles that generate uneven thermal stresses, and, when exceeding the material's

yield strength, plastic deformation and warping.

1.2 Algorithm of orientation

In AM, the orientation of a part within the build envelope is a pivotal parameter that
significantly influences the overall quality, structural performance, and economic effi-
ciency of the fabrication process. The determination of optimal part orientation consti-
tutes a fundamental decision-making challenge in both polymer-based and metal-
based AM technologies.

The complexity of this problem arises from the inherently multi-objective and often con-
flicting nature of the criteria involved. For instance, an orientation that minimizes sup-

port material may concurrently lead to suboptimal surface finish or increased residual
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stresses, particularly in metal AM processes where thermal gradients play a dominant
role. Conversely, in polymer AM, considerations such as anisotropic mechanical prop-

erties and surface quality become more pronounced.

To address these challenges, a range of algorithmic approaches has been developed,
deterministic methods, heuristic optimization, evolutionary algorithms. These algo-
rithms aim to systematically evaluate the trade-offs among competing objectives to
arrive at a build orientation that best satisfies the functional and manufacturing require-

ments of the part.

1.2.1 Polymer

In the existing literature, a wide range of optimization algorithms has been developed,
each tailored to specific additive manufacturing technologies and varying levels of ge-
ometric complexity. Among these, single-objective approaches, such as the algorithm
proposed by Zwier which aim to minimize the use of support structures by identifying
and analysing relevant geometric features (Zwier e Wits 2016) or the one developed
by Zhang which minimize the build time and the cost of parts printed with SLS or SLA
(Zhang et al. 2017). In addition, advanced algorithms based on multi-objective optimi-
zation have also been developed, aiming to simultaneously address multiple perfor-
mance criteria thereby offering a more comprehensive approach to process optimiza-

tion in additive manufacturing:

Matos proposes an optimization algorithm specifically tested on parts produced via
FDM. The primary objective of the algorithm is to enhance process efficiency by mini-
mizing the need for post-processing operations. To achieve this, the approach priori-
tizes multiple performance criteria, including geometric accuracy, surface finish, build
time, and the volume of support structures required during fabrication. The optimization
process integrates several evaluative metrics: volumetric error, surface quality and
roughness, support-affected surface area, the stair-stepping effect, and the overall
build height of the component, each of the parameters are geometric-based. These
criteria collectively influence the quality and manufacturability of the final part. The op-
timization itself is performed using the Electromagnetism-like algorithm. (Matos et al.
2020)

Ransikarbum suggests an orientation algorithm for FDM and SLS based on multicrite-
ria decision making, the parameters it takes into consideration are: Part cost, time,
surface quality, part accuracy, support volume, mechanical property. The method is

divided into three phases. First, the alternatives (e.g., different print orientations) and



Introduction 16

the evaluation criteria are selected, recognizing that different decision makers may
have different preferences and that DEA measures the relative efficiency without con-
sidering these preferences. In the second phase, DEA divides the alternatives into ef-
ficient and inefficient, while AHP is used to assign weights to the criteria based on the
experience of the decision makers, but without directly ranking the alternatives. Finally,
in the third phase, the data is normalized via Linear Normalization to combine the ob-
jective results of DEA with the subjective preferences of AHP, thus obtaining a final
ranking that reflects both measurable data and expert judgments. (Ransikarbum et al.
2021).

A multi-attribute decision making is proposed by Qin. This method firstly quantifies the
attributes of all alternative build orientations and then generates the optimal build ori-
entations from the alternative. In the process are considered these parameters: surface
roughness, part accuracy related with effects of shrinkage and distortion, volume of
support structure, mechanical strength mainly connected to the anisotropy, build time
and cost and post-processing for the surface quality or mechanical properties in par-

ticular area (Qin et al. 2019)

1.2.2 Metal

In the scientific literature, a wide variety of build orientation optimization algorithms has
been developed, tailored to different additive manufacturing technologies, most nota-
bly powder bed fusion and directed energy deposition, each of which presents distinct
challenges and process constraints. These algorithms are designed to determine op-
timal part orientations that simultaneously minimize support material usage, reduce

build time, enhance thermal management, and improve mechanical integrity.

Typically, such optimization strategies adopt multi-objective frameworks, integrating
geometric evaluations (e.g., overhang and surface accessibility analysis), physics-
based simulations (e.g., thermal gradients, residual stress predictions), and manufac-
turability constraints specific to the AM process in use. Advanced methodologies em-
ploy heuristic optimization techniques such as genetic algorithms, simulated annealing,
or swarm intelligence, as well as machine learning models and rule-based decision
systems. These tools allow for the systematic exploration of a high-dimensional design
space, often evaluating thousands of candidate orientations to identify configurations
that represent optimal trade-offs among functional performance, structural reliability,

and production efficiency.



Introduction 17

By providing data-driven guidance for orientation selection, these algorithms signifi-
cantly contribute to the development of more robust, cost-effective, and reliable metal

additive manufacturing workflows.

Williems introduces an orientation optimization algorithm developed for the PBF-LB/M.
The method is based on eight cost functions based on the following parameters: sup-
ports, contact possibility with recorders, roughness, cost, deformations (calculated with
FEM simulations), part height, area in contact with the print bed. The computation of
deformations via simulations is limiting and only a subset of all orientations is tested.
(One of the main challenges addressed is the computational cost of distortion analysis.
To address this issue, the paper proposes a response surface method that uses finite
element analysis on a sample of orientations to approximate distortion along the ori-
entation space.) These cost functions are then normalized and combined using a user-

defined weighted sum to reflect different manufacturing priorities.

A Monte Carlo optimization algorithm is used to explore an orientation space discre-
tized into three angular degrees of freedom. The flexibility in weight assignment makes
the formalism adaptable to specific component geometries and industrial use cases
(Willems e Megahed 2022).

Mele proposes an optimization algorithm that uses an overall fithess function based on
multiple factors: build time, support volume, deformation and surface roughness (Mele
et al. 2022). This approach provides flexibility by allowing different weights to be as-
signed to each factor. However, the calculation of deformation is simplified, as it only
considers the presence and geometry of overhanging structures. the minimization of

the overall fitness function is obtained with a genetic algorithm.

Baccagli introduces an algorithm specifically designed for industrial-scale additive
manufacturing, aimed at optimizing the orientation of components to significantly re-
duce support volume and minimize processing times. Their approach uniquely applies
selective ray tracing only to surface triangles that form overhangs and therefore may
require support structures. Integration with an improved Particle Swarm Optimization
algorithm enables rapid exploration of the orientation space to find the optimal orien-
tation through iteration, reducing the processing times of other algorithms (Bacciaglia
et al. 2024).

Gonzalez proposes a method for determining the optimal orientation of parts in PBF-

LB/M based on a temperature-driven indicator. This method aims to reduce thermal
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gradients during the manufacturing process, which benefits microstructural integrity,
minimizes deformations, and lowers residual stresses. The proposed index takes into
account several factors, including the ability to dissipate heat through the build plate,
the cross-sectional area which influences heat accumulation, the height of the build
since taller parts tend to increase heat accumulation, and the angle of the surfaces that
also affect thermal gradients. The index is calculated for each possible orientation, and
the orientation that minimizes this parameter is selected as the most suitable for print-

ing. (Gonzalez et al. 2025)

1.2.3 Commercial software

In the industrial landscape of Additive Manufacturing, numerous commercial software
solutions have been developed to ensure efficiency, high quality, and process reliabil-
ity. These tools are designed to manage not only the decision-making phase related
to part orientation but also the entire sequence of operations from the STL file to the
final build preparation, while meeting stringent time constraints. Most of these systems
are based on multi-objective optimization algorithms, enabling the evaluation and bal-

ancing of competing criteria such as support volume, build time, and surface quality.

The market offers a wide range of solutions, including software developed by AM ma-
chine manufacturers, such as EOSPRINT and 3DXpert, or more versatile platforms
that are compatible with various printing systems and materials. These are capable of
optimizing orientation for both polymer and metal components. In this context, particu-

lar attention will be devoted to Autodesk Netfabb and Materialise Magics

Materialise Magics: materialize magics orientation optimization algorithm is based on

5 parameters, these are:

I.  Z-height (build height)
[I.  Support surface
[ll.  Maximal cross section
IV. XY projection
V.  Support on marked

Depending on the specific AM technique employed, various parameters influence the
optimal orientation of a part. A key factor common to all AM processes is the build
height (Z-height), which directly impacts the total build time. Minimizing the Z-height
generally leads to shorter fabrication times and, in certain processes, contributes to
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reduced material consumption, especially in technologies involving expensive feed-

stocks.

For instance, In SLA, two orientation-related criteria are particularly significant: the
minimization of support surface area and the minimization of XY projection area. Re-
ducing the surface area that requires support not only saves material but also de-
creases post-processing time, leading to more efficient production. On the other hand,
minimizing the XY projection area allows for denser packing of multiple parts on a sin-
gle build platform, thereby improving throughput. However, these criteria often conflict
with the goal of minimizing build height, necessitating trade-off decisions during orien-

tation optimization.

In Laser Sintering, particularly in metal AM, the formation of large cross-sectional areas
is generally discouraged. Such geometries tend to accumulate significant thermal
stresses during layer-by-layer construction, which can result in part deformation or fail-
ure. Orientation strategies in these processes must therefore aim to distribute thermal

loads more evenly and avoid configurations that exacerbate stress concentration.

Additionally, in many AM techniques, support structures are essential for the success-
ful fabrication of overhanging or inclined features. However, there are often critical sur-
faces where support structures are undesirable, typically due to difficulties in post-pro-
cessing or surface quality requirements. The criterion known as “Support on marked”
quantifies the percentage of a user-defined area that would require support. Lower
values are preferred, as they imply less interference with critical part features and re-

duced post-processing complexity.

Autodesk Netfabb: Netfabb algorithm after the definition of the workspace and other
information such as the critical angle, is based on a multi-objective optimization. the

optimization parameters are:

I. supported area

[I.  support volume
[ll.  bounding box volume
IV. part height

V. center-of-gravity height
VI.  unsupported triangles

Netfabb by default uses these 6 parameters to perform a classification of the different

orientations tested. then by assigning the same value to each of the items it draws up
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an overall classification to determine the best orientation. it is possible to go and modify
the weight assigned to each of the parameters to accommodate the differences and

needs of the different technologies and the different components to be printed.

The first two parameters (supported area, support volume) are related to the minimi-
zation of the support structures, with the consequent reduction of waste material, cost
and necessary post-processing. The parameter bounding box volume is related with
the optimization of the volume of chamber occupied for the single component in a multi-
parts job. The parameter part height has an impact on the building time and could
influence also the amount of support structures needed. The reduction of the center-
of-gravity height parameter leads to a more stable process in the case of stresses
during the printing phase such as the movement of the recoater. Furthermore, in par-
ticular for metal powder bed technologies, the heat dispersion towards the base is im-
proved, Finally, the presence of unsupported triangles is primarily associated with the
increased need for support structures and, consequently, with the extent of post-pro-

cessing required.

Both software tools are not specific for a single technology and do not differentiate
between polymer- and metal-based additive manufacturing processes. However, such
distinctions can be introduced by appropriately adjusting the weights assigned to each

evaluation parameter.

1.3 Design for Additive Manufacturing

The advent of additive manufacturing has required the formulation of component de-
sign rules; this is because the nature of the process based on the successive deposi-
tion of layers is at the antithesis of pre-existing traditional industrial technologies. Con-
sequently, the rules that had been developed and tested for traditional technologies
are not able to provide any guarantee of quality and efficiency for parts printed in ad-
ditive manufacturing. Furthermore, they do not allow to exploit the potential that addi-
tive is able to provide such as light structures, variable mechanical properties, complex
geometries and it highlights its limits such as construction times. The rewriting of the

design rules for this technology is called Design for additive manufacturing (DfAM).

DfAM signifies a fundamental shift in the way products are conceptualized, designed,
and fabricated. By applying the advantages of additive manufacturing, DfAM enables
the creation of geometries and structures that are difficult or even impossible to achieve

with traditional manufacturing techniques. While AM offers unprecedented design
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freedom and the ability to fabricate complex parts, it also introduces specific process-
related constraints. Addressing these limitations requires tailored design strategies,
collectively referred to as DfAM, that ensure manufacturability, structural integrity, and
functional performance within the context of additive technologies (Asapu e Ravi Ku-
mar 2025a). DfAM is created by a set of principles, workflows, rules and design meth-
ods specifically adapted to the characteristics of additive processes. It aims to improve
the functionality, manufacturability, customization and performance of components by
integrating material behaviour, process constraints and geometric freedom early in the
product development cycle. However, these methodologies are not yet totally unified

and there are discrepancies between the sets of rules and workflows.

The first step of DfAM is the definition of the functionality required for the piece. In this
phase, the constraints on the geometry to be respected, the mechanical performance
required for the component and consequently also the conditions of existence of the
component in terms of load, temperature and aggressive environments (example: con-

ditions of high corrosion) are defined.

The next step involves defining the additive manufacturing technology to be used,
along with selecting the appropriate material. These two decisions must be made con-
currently, as the compatibility between material and process is critical. Certain materi-
als can only be processed using specific AM technologies. Moreover, each technology
imposes distinct design constraints, including differences in printing speed, the neces-
sity and type of support structures, achievable surface quality, and the minimum fea-
ture size that can be reliably produced. These factors must be carefully considered to

ensure the feasibility and quality of the final part.

The next phase includes the definition of the specific geometry, the choice of process

parameters and orientation and the simulation of the component and the process.

In the geometry definition phase, the rules of traditional technologies are no longer
used, but we try to fully exploit the potential of AM specifically in terms of freedom and
complexity that it can ensure without a relevant increase of the production cost. despite
the freedom some articles still provide rules to respect DfAM: Application of the design
rules in the early design stages (rules regarding the minimum dimensions of some
features such as holes, walls. or the maximum dimensions of other features to be self-
supporting: channels and bridges, angles to be respected to avoid having to use sup-
port structures) (Djokikj e Kandikjan 2023).
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In this phase, advanced design methodologies such as topology optimization and lat-
tice structures are employed primarily to achieve weight reduction and to model the
mechanical behaviour of the component. Additionally, generative design techniques
are utilized to explore multiple design alternatives, based on the boundary conditions
and loading scenarios defined in earlier stages of the process. This exploration is en-
abled through the application of evolutionary algorithms, which iteratively converge to-
ward optimal geometries. These combined strategies not only allow for significant
mass reduction but also enhance structural performance by leveraging the design free-

doms afforded by additive manufacturing.

As previously emphasized, the selection of build orientation represents a critical step
in ensuring both the quality and performance of additively manufactured components,
as it influences multiple factors. Consequently, this decision is frequently supported by
computational algorithms and multi-objective optimization frameworks aimed at bal-
ancing these competing criteria or through the experience and know-how of the de-
signers. The placement of this step within the overall design and manufacturing work-
flow is not fixed. In most cases, it is carried out after the geometric design of the part
has been finalized, as observed in the algorithms discussed previously. However, sev-
eral alternative approaches exist, which integrate orientation selection at earlier stages
or in parallel with other optimization processes. The following are some representative
alternatives: It is proposed the early determination of the part orientation (Leutenecker-
Twelsiek et al. 2016). This methodology defines the build orientation prior to the final
design stage, in contrast to conventional approaches where orientation is typically se-
lected afterward. Here, orientation is determined immediately after the conceptual de-
sign phase and is based on the analysis of geometric features that are prioritized ac-
cording to parameters such as surface quality, dimensional accuracy, part distortion,
support structure requirements, and build height. This approach is motivated by find-
ings reported in Adam’s study, which indicate that a significant portion DfAM guide-
lines, approximately 70% for SLM and FDM processes, are directly influenced by the

chosen build orientation (Adam e Zimmer 2014).

An alternative approach, distinct from the previously discussed strategies, involves a
deeper integration of the design phase with the orientation decision-making process.
As illustrated in Figure 1.1, this methodology proposes the implementation of an itera-
tive workflow that includes the design and geometry modification stage, the printability

assessment phase, and the build orientation selection. This integrated process
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enables the optimization of part geometry not only to increase functional performance
but also to improve manufacturability. In particular, by iteratively modifying the geom-
etry with consideration of print constraints, it becomes possible to reduce the reliance
on support structures and facilitate a more efficient and reliable additive manufacturing

process (Asapu e Ravi Kumar 2025b).

—» 3D geometry (CAD modelling/ Reverse engineering)

Yes Send file to STL
repair software
No
Import into Error free STL
Slicing software
Printability Check

Optimal orientation

to reduce supports

Geomelry

modification

v No
Support structure Slici Pr"""" aralme‘lers
. 7| ~ucng Layer thickness, Printing speed,
generation . . .
v Infill density, Infill pattern etc.

I Export to 3D printer

Figure 1.1: workflow with iterative cycle of geometry modification and orientation choice

In the concluding stage, Finite Element Analysis and process simulations are em-
ployed to evaluate the mechanical performance of the part under realistic operating
conditions and to anticipate potential manufacturing challenges, such as warping, de-

lamination, or overhang collapse.

Finally, the DfAM workflow includes accounting for post-processing requirements, in-

cluding surface finishing, heat treatment, and machining allowances.
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2 RWTH algorithm

In this chapter the model developed at RWTH Aachen University is presented. The
objective of the research is to develop and validate an algorithm capable of ranking
various build orientation, specifically for PBF-LB/M, based on the minimization of ther-
mal distortion in the printed component, without the need for computationally intensive
thermal simulations. The study focuses exclusively on the effect of the component's
geometry on thermal behaviour and the resulting deformation, deliberately excluding
other potential variables such as laser parameters, that could influence the outcome.
For consistency, the same material was used in all the simulations and for all the parts
considered in the study. The idea is to compare the FEM thermal simulation results
with KPIs to develop an algorithm capable of ranking the various orientations based

on the influence of geometry on thermal deformation.

2.1 Source of deformation

The PBF-LB/M process is susceptible to relevant residual stresses and thermal defor-
mations. In the worst cases even warping, these kinds of defects can compromise
mechanical performance, part accuracy and functionality (B. K et al. 2021). The com-
prehension and the control of the phenomenon and amplification factors is a critical

point to increase the quality of the component.

Thermal distortion in PBF-LB/M is mainly related to thermal gradients, on the order of
hundreds of degrees Celsius per second and cooling rates created by the localized
heating generated by the moving laser (Tabaie et al. 2020). During the scanning pro-
cess, multiple thermal cycles occur, during which the temperature in the laser spot area
reaches at least the material's melting point. The surrounding material experiences
expansion due to the elevated temperature. This expansion is subsequently followed
by contraction as the temperature rapidly decreases. This process is called thermal
gradient mechanism; it leads to uneven thermal stresses and where the those exceed
the yield strength also plastic deformation (Song et al. 2020) . Many studies show that
the thermal gradient mechanism and its effects can be attenuated with the optimization
of the build parameters: laser power, scanning and hatching strategy (Tucho et al.
2018; Manikandan e Venkatesan 2024; Yi et al. 2019), the geometrical features and
parameters related with the geometry (Mercelis e Kruth 2006; Buchbinder et al. 2013;

Oliveira et al. 2020). Focused on the last two points:
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Downskin surface: this type of feature is related to problems of deformation due
to the arrangement of the powder, which is characterized by significantly lower
thermal conductivity compared with the melted material as revealed by Ranjan
(Ranjan et al. 2020). The powder leads to a poor heat dissipation in the area
which causes phenomena of heat accumulation. The intensity of the phenome-
non is related also to the angle of the downskin surface. In the study of Parry, it
is shown that the presence of heat accumulation in the component leads to an
intensification of the residual stresses in those areas, which can also lead to
deformations (Parry et al. 2019). Additionally, Mele investigates the influence of
the characteristics of the downskin surface (Mele et al. 2021). Deeply, the ex-
perimental study is focused on some characteristics: length, inclination angle,
support density and thickness. The results show that main contribution for the
displacement comes from the combination of inclination angle and thickness of
those structures, while the interaction between support density and thickness
has the main impact in the presence of warping. The contribution of the different
factors could lead to both positive and negative displacement from the original
geometry.

Branches: this geometrical characteristic can cause residual stress and even
deformations. Indeed, heating and cooling rates can vary significantly within the
part for the presence of thermally independent areas. This leads to possible
thermal gradients that cause stress and deformations to arise (Adam e Zimmer
2014).

Transition of geometry: in this type of feature, you encounter heat accumulation
and thermal gradients. These are caused by different cooling rates due to the
different energy input and the different interactions with the powder, which
cause different thermal dissipation. Thermal gradients within the molten mate-
rial are responsible for deformations that are created (Adam e Zimmer 2014).

2.2 Parts

During the experiment, eight parts are being analysed; these are showed in the Figure

2.1. The parts were selected to represent a wide range of features that are character-

istic of parts manufactured through AM. The selection aimed to examine various geo-

metric characteristics to ensure that the study captures the typical challenges encoun-

tered in AM production. The features considered are transition thin to massive, sharp

edges, pipes, thin walls and grids.
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Figure 2.1: the 8 parts selected for the study, with the corresponding part-ID. Parts are order
with an increasing volume to surface (deep-geometry; printables; thingiverse)

These different features were selected to examine their potential influence on the ther-
mal history of the parts and how this thermal behaviour impacts the geometric accuracy

quality of the final parts.

Additionally, the parts are evaluated using their surface-to-volume ratio, which provides
a straightforward and effective method for quantifying the complexity of the geometry.

A higher ratio often indicates more complex shapes.

To ensure comparability of data and control the computational effort required for ther-

mal simulations, the dimensions of the parts have been standardized to the same value
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for all the examined parts. Each part must be circumscribed in a cube with the side of
36 mm. This alignment allows for a more controlled analysis of how different features

affect thermal behaviour, without introducing variability due to size differences.

2.3 Simulation

In the study, the simulations are conducted with Ansys Additive 2024. More specifi-

cally, it is used the Thermal strain simulation.
Each of the part is simulated in several orientations.

Part 1 is simulated in 30 orientations, with steps of 60° along the x-axis and steps of
36° along the y-axis. The possible rotation angles around the x-axis range from 0° to
360°, while for the y-axis, the angles range from 0° to 180° to avoid repeating the same

orientations.

Parts from 2 to 8 are simulated in 18 orientations: with steps of 60° along the x-axis

and steps of 60° along the y-axis. With the same considerations done for the Part 1.

2.3.1 Machine parameters and Material

The investigation focuses only on the influence of the component's geometry. There-
fore, to ensure consistency, the thermal simulations were conducted using the same
machine configuration, reported in Table 2.1. to delete the influence of the printed and
other parameters like laser power, layer height and hatch distance. The same principle
is used for the material. Steel 316L is selected for the thermal analysis and the calcu-

lation of the KPI. The properties of the material are declared in Table 2.2.
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Table 2.1: machine parameters

Parameter Value
Machine Generic
Baseplate Temperature (°C) 80
Layer Thickness (um) 50
Starting Layer Angle (°) 57
Layer Rotation Angle (°) 67
Hatch Spacing (um) 100
Slicing Stripe Width (mm) 10
Laser Beam Diameter (um) 100
Laser Power (W) 195
Scan Speed (mm/s) 1000

Table 2.2: characteristics of the material

Parameter

Value

Material

316L

Stress Mode

Linear Elastic

Elastic Modulus (GPa) 175
Poisson Ratio 0,27
Yield Strength (MPa) 494
Support Yield Strength Ratio 0,4375
Strain Scaling Factor 1
Anisotropic Strain Coefficients (||) [1,5
Anisotropic Strain Coefficients (L) |0,5

Anisotropic Strain Coefficients (Z)




RWTH algorithm 30

2.3.2 Voxel dimension

An essential step for the correct realization of the research is the voxel dimension uti-
lized for the thermal simulation with Ansys Additive 2024. The voxel dimension affects
heavily the precision of results of the simulations and, on the other hand, also the com-

putational cost and the time required to the obtain the results.

To guarantee a good trade-off between a restrained computational cost and reliable
results, a comparative analysis has been made for each part for two random orienta-
tions between different voxel dimensions. The data from the thermal simulations were
considered to make the comparative analysis average displacement for each layer. In
each test conducted to determine the voxel dimension, the starting measurement was
0,5 mm, as suggested by (Mayer et al. 2020). Subsequently, other simulations are
carried out with progressively smaller dimensions to obtain greater precision. When
similar trends are observed between two voxel dimensions, the larger dimension is
selected to minimize computational load. Trends are considered in the analysis as it
focuses on ranking different orientations rather than relying on precise numerical val-

ues.
The results of the investigation of the voxel dimension are summarised in Table 2.3.

Table 2.3: overview of the voxel dimension for each part

Part-ID Voxel dimension [mm]
1 0,5
2 0,5
3 0,5
4 0,25
5 0,25
6 0,25
7 0,25
8 0,25
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2.4 KPIs

The calculation of the KPI is based on the geometry of the parts. The KPls are calculate
not only on the CAD model but also with information about the geometry extrapolated
from the STL file. STL files could give more precise point of view of the component and
can give a more complete analysis of the component, indeed, it also makes it possible

to analyse the geometric characteristics of each individual layer.
The KPlIs utilized to create the algorithm are:

e Massiveness: This describes the geometric position of the component volume

in the building direction.

f _ ; (2.1)
massiveness Zcentroid + 1
XL Vixz (2.2)
Zcentroid — N V.

i=1'1

If the material is concentrated in the lower region, heat dissipation is facilitated
through the base plate of the chamber, aiding in more effective heat manage-

ment during the printing process.

e Contour-vector: Jumps of close contour block number between layers.

n,cont—vec = {yi,cont—vec | Yicont-vec = Ci+1 — C; with0 <i < N} (23)

It indicates geometrical changes and consequentially probable formation of de-

formation caused by thermal stress (Ranjan et al. 2020).

¢ Amounts of branches: it considered the number of thermally independent zones

in each single layer.

I—;,branches = {Vi,branches | Yibranches = by with0 <i < N} (24)

The presence of multiple thermally independent zones results in distinct areas
of energy input and heat dissipation, each exhibiting unique characteristics that
lead to varying thermal behaviours across the different branches (Ranjan et al.
2020).
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e Branches surface ratio: it quantifies the ratio between the largest and smallest
surface areas of the branches within the layer.

max (a;) — min (as) (2.5)
I—E,b—s ratio = {yi,b—s ratio |]/i,b—s ratio = <1<f<b 1</<b with0<i<N
n

max (a)

Significant differences between branch surfaces increase the likelihood of dif-
ferent thermal behaviour in the independent areas, leading to an increase in

deformation (Ranjan et al. 2020). As reported in Figure 2.2.

Branches’

surface (a,)

Figure 2.2: representation of the elements necessary for calculating the KPI: Branches sur-

face ratio

¢ Downskin surface: this KPI investigates the influence of the variation of the sur-

face between consecutive layers.

A1 — 4 2.6
n,ds = {Vi.ds | Yias = max (O; e l) with0 <i < N} ( )
t i+1

This parameter is related to the different conductivity of the powder and the
melted material, the powder as a conductivity around the 10% of the melted
material (Alkahari et al. 2012). This parameter influences the heat dissipation
and the possibility of arising of issue related with heat accumulation (Ranjan et
al. 2020). As reported in Figure 2.3.



RWTH algorithm 33

Layer
surface Layer
(A) surface
(Aisq)
Layeri Layeri+1

Figure 2.3: representation of the elements necessary for calculating the KPI: Downskin sur-

face

e Powder to layer surface: the printed surface of each layer and the perimeter of

this area are considered in this KPI.

A; ) . 2.7
Iip = {Vi,p—l |yi,p—l = |O_l | with0 <i < N} 27)
i

This KPI, like the previous one, takes into account the influence of the powder
and its limited thermal conductivity. The focus here is on heat dissipation within

the current layer. A representation is in Figure 2.4.

Layer
perimeter
(0)

Layer
surface
(A)

Figure 2.4: representation of the elements necessary for calculating the KPI: Powder to layer

surface

The parameters in the formulas are reported in Table 2.4.
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Table 2.4: parameter for the formulation of the KPls

parameter Description
A Surface of the layer
0 Perimeter of the layer
fEeN Branch index
iEN Layer index
N eN Total amount of layers
a Surface of a branch
b; N Number of branches per layer
c;EN Number of contour vector block per layer
Z; Height of the layer i
V; Volume of the layer i

The KPlIs are calculated on the same orientations which are considered for the thermal

simulation.

2.5 Calculation of the overall KPI

To complete the algorithm for ranking different orientations, two optimization ap-
proaches are employed. The first optimization investigates the correlation between the
thermal simulations and the KPls, while the second optimization aims to predict defor-
mation and rank the orientations. To compare the results obtained with the thermal
simulations performed using Ansys Additive with the KPIs, the Spearman factor (p) is
utilized. This nonparametric measure assesses the monotonic relationship between
two variables by comparing their ranks, evaluating how well the correlation can be
described by a monotonic function. The Spearman coefficient is calculated using the
following equation:

6 d? (2.8)

=1-—="
p n(n? —1)

Where:

d;: is the different between ranks
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n: is the number of tests/ measurements

The goal of the optimization is to create an overall KPI which will be used to do the
rating of the orientations. This overall KPI is a linear combination of the six KPIs that
are been presented earlier. The coefficients of the combination are called weights w;.
The objective is to maximize the Spearman factor and consequently the correlation
between the deformation and the overall KPI by modifying the weights in the proper

way.

2.9
KPlpyerau = z w; KPI; (2.9)

Where:

e w;: is the generic weight

e KPI;: is the generic KPI

Consequently, the objective function of the optimization, which is the Spearman factor.

Fix)=p

Moreover, the optimization is constrained: each weight must be between 0 and 1 and

the summatory of the weights must be equal to one:

O<Wi<1

n
ZWL' =1
i=1

(2.10)

Where:

e w;: is the generic weights

e n:is the number of KPIs

Two optimizations are performed for each part. The first optimization aims to assess
whether the overall KPI accurately represents the deformation observed across the
different orientations. To achieve this, the parts are examined individually. The weights
are modified to guarantee the best correlation between the KPIs calculated on the part
under examination and its deformations. This section during the study is called Corre-

lation.

The other optimization aims to determine if it is possible to use the overall KPI to eval-
uate different orientations of a part where the deformations are unknown. To do this, it

is initially assumed that the parts is not analysed through thermal simulations, meaning
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the deformations are unknown, but the KPIs are still calculated. The weights required
to calculate the overall KPI are not obtained following the previous framework. Instead,
in this case, the weights are derived by maximizing the sum of the Spearman correla-
tion factors for the other seven known parts. Specifically, the goal is to maximize the
correlation between the deformations and the KPIs of these seven parts. These parts
are subjected to thermal simulations, so their deformations are known. The weights
are then combined with the geometric KPIs calculated for the part under consideration
to determine the overall KPI. This process is repeated for all eight parts included in the
analysis. For results analysis, the correlation between the overall KPIl and actual de-
formations of the part is measured. This process is referred to as Transferability. The

procedure is schematized in Figure 2.5.

Optimization

Overall KPI

Figure 2.5: schematization of the process to calculate the Overall KPI

To determine the degree of correlation between the two variables, Cohen's standard

is used:

e |p| = 0,5: the correlation is considered relevant
e 0,3 <|p|<0,5:the correlation is considered moderate

e 0,1 <|p| < 0,3: the correlation is considered weak

2.6 Results of the thermal simulations

This chapter presents the results of the thermal simulations. The simulations provide
the deformations calculated for each part, with an example of part 4 shown in Figure
2.6. Additionally, the displacement of each voxel layer caused by the printing process

is obtained and it is divided into its three components along the X, Y and Z axes.
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Figure 2.6: example of the outcome of the simulation with Ansys (Part-ID 4)

Figure 2.7: average, maximum and minimum displacement of each orientation of each

part obtain from the thermal simulations reports the results of the average total dis-

placement, the maximum and minimum total displacements for each orientation of

each part.
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Figure 2.7: average, maximum and minimum displacement of each orientation of each part
obtain from the thermal simulations

2.7 Optimization and results

In this section, the results that are obtained in terms of correlation between the KPls
and the deformations calculated with the thermal analyses are presented, in this phase
the aim is to maximize the correlation between the overall KPI and the results from the
thermal simulations. The results are shown both in terms of correlation and transfera-
bility. The figure shows the Spearman factor calculated between the deformation trend
and the KPlIs trend for the orientations considered. The comparison is made for each
of the parts between the Transferability and the Correlation and it is illustrated in Figure
2.8.



RWTH algorithm 39

0,800

0,600

0,400
0,200 I I I I
1 2 3 5 i 7

-0,200

Spearman factor

-0,400

-0,600
Part-ID

W transferabiltiy
B Correlation

Figure 2.8: difference of the values of the Spearman factor between correlation and transfer-

ability
Analysing the results, the Correlation can be summarized as follows:

e 3 parts shows a non-significant correlation (part-ID 1, 4, 8)
e 2 parts show a moderate correlation (part-ID 3, 6)

e 3 parts shows a significant correlation (part-ID 2, 5, 7)

The results, obtained with the optimization of the weights, reveals an average correla-

tion of 0,389. This corresponds to a moderate correlation.
While for the Transferability the results are:

e 1 part shows a relevant correlation (part-ID 7)
e 1 part shows a moderate correlation (part-ID 2)
e 6 parts show a non-significant correlation (part-ID 1, 3, 5) or inverse correlation
(part-ID 4, 6, 8)
This process guarantees an average Spearman factor equal to 0,00735. This corre-

sponds to a non-significant correlation.

Comparing the results of Correlation and Transferability. It is evident a worsening of
the transferability results as expected for the data transfer process to assess the nec-

essary orientation in the algorithm. The decrease of the average Spearman factor is
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equal to 0,382. Moreover, the parts with at least a moderate correlation are reduced
from five to two (part-ID 2, 7), which are the parts with the best correlation in the first

step.

An analysis of the results regarding the influence of various geometric features indi-
cates that they are comparable across the two studies. Indeed, in both the features:
transition thin to massive, edges, walls and pipes are within the range of one standard
deviation from the mean. Instead, they go to deviate below this range for the features:

Grids. This suggests a negative impact of this feature in the results obtained.

Regarding the influence of the complexity of the analysed geometry, different results
were obtained. in the correlation study, the complexity generates a large spread in the
data on the Spearman factor, this suggests a non-significant effect of the complexity.
In contrast, in the transferability a tendency to worsen the results was obtained with
the increase of the surface to volume ratio. this indicates a negative effect of the com-

plexity on the results.

2.8 Discussion of the RWTH algorithm

The study demonstrates promising results regarding the correlation between the over-
all KPI and the deformation obtained from the simulations, with a moderate correlation
observed on average across the parts. Specifically, 63% of the tested parts exhibit at
least a moderate correlation and 38% show a relevant correlation. However, the anal-
ysis of the prediction of the deformation, using the transferred weights, reveals that on
average the models does not guarantee reliable results, indeed the average correlation

revealed is not significant.

This problem is analysed by focusing on the results for the weights of the single KPI,
with Figure 2.9, it becomes evident that there is a strong predominance on one single
KPI. Indeed, the KPI downskin surface has an average weight from the optimization
for each part of 0,76. On the other side, the effect of the KPIs massiveness and branch
surface ratio is almost negligible. The remain influence is subdivided almost equally
between the other 3 KPIs: amounts of branches, contour-vector and powder to layer

surface.
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Figure 2.9: comparison of the weights of each KPI from the correlation and transferability
analysis

Table 2.5: comparison of the average weight for each KPI

KPI Weights of Weights of Differences
correlation | transferability of weight

Massiveness 0,094 0,011 0,083
Amounts of branches 0,181 0,086 0,095
Contour-vector 0,241 0,064 0,177
Downskin surface 0,287 0,763 -0,476
Branch surface ratio 0,093 0,006 0,087
Powder-to-layer surface 0,105 0,071 0,034

The relevance of the downskin surface KPI leads to problems in terms of applicability
of the model. Indeed, with a preponderant impact of a single KPI, there will be a ten-
dency to have a model that performs better in the components where the single KPI
has good results. In contrast, if the KPI downskin surface does not guarantee good
correlation, you will have an ineffective model. In this way, the model will be unstable

in its performance.
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To develop a more robust model with stable and precise results across all parts and to
mitigate the influence of outlier results, an increased number of analysed parts is re-
quired. Expanding the number of data would enhance the statistical reliability of the
findings and reduce variability caused by unique characteristics of individual parts. Fur-
thermore, incorporating parts with single diverse geometries and features would im-
prove the model's generalizability, ensuring its applicability across a wider range of

scenarios.

The study confirms the literature findings regarding the downskin surface. Indeed, this
surface has a significant impact on the onset of deformations, as shown by the weight
analysis during the optimizations in Figure 2.9. Regarding the branches and variations
in geometry, significant results were observed, as expected from the literature, partic-
ularly in the correlation analysis. However, their relevance significantly decreased in
the transferability phase. Specifically, for the branches, a greater importance was ob-
served in the number of branches rather than their geometry. The massiveness and
the influence of the powder to the layer surface demonstrate outcomes not aligned with

the literature.

To have a better overall vision, the results are analysed in terms of Spearman factor
between the deformations and the downskin surface KPI, as reported in Figure 2.10.
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Figure 2.10: correlation measured with Spearman factor between deformations and KPI

downskin in each single part
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The image confirms the relationship between the good results obtained from the down-
skin surface KPI and those from the optimization of transferability. Indeed, all the parts
with an inverse correlation with the downskin surface KPI (part-ID 4, 6 and 8) also
present an inverse correlation with the overall KPI for orientation ratings. Furthermore,
even the parts that have the best in terms of transferability (part-ID 2 and 7) are also

the two best in terms of Spearman factor values with the downskin surface KPI.

This analysis confirms the strengths and weaknesses of the model linked to its de-

pendence to the downskin surface KPI, which limits its replicability.
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3 Comparison: Netfabb and RWTH algorithm

In this chapter, the results of orientation optimization performed using Netfabb and the

algorithm developed at RWTH Aachen University are analysed and compared.

The comparison was conducted using the same set of parts that were employed in the
development of the RWTH Aachen University optimization model. For the Netfabb op-
timization, the default parameter weights were used. All other relevant parameters

used in the comparison are summarized in Table 3.1.

Table 3.1: Netfabb parameters for the optimization of the orientation

Parameters values
Critical angle(Di Wang et al. 45°
2013)
Smallest rotation between 10°
Precise volume X

The analysis considers not only the overall optimal build orientations but also those

considered optimal with respect to each individual optimization parameter.

For the results obtained using the RWTH Aachen University algorithm, both optimal
orientations identified through the transferability and correlation methods are included
in the evaluation, provided they differ. Each part is examined individually to ensure a

detailed and component-specific comparison.

3.1 Part1

From the results of the optimization of the orientation with Netfabb the best overall

orientation reported in Figure 3.1.
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e. Center of gravity

Figure 3.2: Part 1: best orientation for each parameter with Netfabb

The outcomes of the orientation optimization method developed at RWTH Aachen Uni-
versity are presented, including both the correlation and transferability analyses. The

results of these two studies are illustrated in Figure 3.3.
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Figure 3.3: Part 1: best orientation with RWTH method: 1 Correlation, 2 Transferability

In this case, the orientation assessed using Netfabb is primarily influenced by the pa-
rameters of part height and center of gravity. Specifically, the selected orientation
aligns with the optimization of part height and also produces favourable results with
respect to the center of gravity. However, this orientation introduces certain drawbacks,
notably the necessity for internal support structures within the channels. These sup-
ports complicate post-processing and removal, contribute to increased surface rough-
ness. This orientation has extensive cross-sectional areas that must be scanned in
each layer. These factors collectively increase the risk of deformation during fabrica-

tion.

Conversely, the orientation generated by the algorithm developed at RWTH does not
prioritize optimization of the height or center of gravity. While this may negatively affect
thermal diffusion through the build plate, the RWTH orientation avoids the formation of
large scan areas per layer, thereby potentially improving thermal management and

reducing the likelihood of deformation.

In summary, the orientation proposed by Netfabb adheres to general guidelines com-
monly applied in additive manufacturing. In contrast, the RWTH approach offers a
more targeted strategy, emphasizing specific design and process considerations over

generalized optimization criteria.
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The results are summarized in the Table 3.2:

Table 3.2: Part 1: comparative overview of advantages and disadvantages of the methods

Netfabb RWTH
Advantages Disadvantages Advantages Disadvantages
Low height Supports in inner | Thermal Height
channels management
Low center of | Thermal Supports Center of gravity
gravity management
3.2 Part2

Based on the orientation optimization results obtained using Netfabb the best overall

orientation reported in Figure 3.4.

<>
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Figure 3.4: Part 2: best overall orientation with Netfabb

Y
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Figure 3.5 presents the optimal orientation for each evaluated parameter.
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n: Netfabb and RWTH algorithm

Compariso

d. Height

c. Bounding box volume

Figure 3.5: Part 2: best orientation for each parameter with Netfabb



Comparison: Netfabb and RWTH algorithm 50

The results of the orientation optimization approach proposed by RWTH Aachen Uni-
versity are reported, with a focus on both the correlation analysis and the transferability

study. These findings are visualized in Figure 3.6.

Figure 3.6: Part 2: best orientation with RWTH method: correlation and transferability coincide

Also, this the case the considerations are similar to the previous one, indeed Netfabb
chooses an orientation focusing mainly on the minimization of the height, the center of
gravity and the bounding box volume. The downward aspects are also similar; indeed,
the orientation present the biggest possible surface of scanned area and sudden and
impactful variance on the scanned area, these aspects are related with high residual
tension and deformation. The presence of support structures is related only to the con-

nection with the base plate.

The RWTH method introduces the necessity of support structures in the holes, the
detail is report in Figure 3.7, which is an additional step in the post-processing process,
the presence of other supports is limited to the smallest face of the part. This orientation
exhibits smaller and more gradual variations in scanned surface area compared to that
generated by Netfabb. On average, as well as at peak values, the total scanned area
is significantly reduced. However, the printing process requires more time due to the
build height.
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Figure 3.7: detail of the support structure

Netfabb optimizes the orientation to minimize the build time and limit the use of support
structures. In contrast, the RWTH approach suggests an orientation which is focused
on reducing the residual stress and thermal deformation which are typical of this tech-

nology.
The results are summarized in Table 3.3:

Table 3.3: Part 2: comparative overview of advantages and disadvantages of the methods

Netfabb RWTH
Advantages Disadvantages Advantages Disadvantages
Low height Thermal Thermal Height
management management
Low center of Center of gravity

gravity

Supports in inner

channels
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3.3 Part3

The optimal part orientation, as determined through the orientation optimization mod-

ule in Netfabb, is illustrated in Figure 3.8.

Figure 3.8: Part 3: best overall orientation with Netfabb

The best orientation corresponding to each parameter is reported in Figure 3.9.

a. Supported area b. Supported volume
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d. Height

e. Center of gravity

Figure 3.9: Part 3: best orientation for each parameter with Netfabb

The outcomes of the orientation optimization method developed at RWTH Aachen Uni-
versity are presented, including both the correlation and transferability analyses. The

results of these two studies are illustrated in Figure 3.10
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Figure 3.10: Part 3: best orientation with RWTH method: 1 Correlation, 2 Transferability

Consistent with earlier observations, the solutions provided by the two methods differ.
The Netfabb approach predetermines key parameters: Bounding box volume, height
and center of gravity. This guarantees good performance in terms of building time and

stability, the support structures are used to sustain the channels.

The solution proposed by RWTH has some analogies with the one suggested to mini-
mize the support volume. Specifically, the support structure in one of the channels is
no longer necessary, the comparison is shown in Figure 3.11, this is helpful also in the
post processing, as it facilitates the removal of support material. Furthermore, large
scan surface areas in the layers and abrupt variations in the scanned area were
avoided to ensure process stability and reduce thermal stresses during fabrication.

Figure 3.11: comparison of the support structures

The RWTH method results in a slower printing process, however it guarantees a point
of view based on the specific technology, this potentially reduce the effect of thermal
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cycles and consequently deformation and residual stress. Similar to the previous case
Netfabb tends to prioritize the build time and the advantages of a large contact area

with the base plate.

The results are summarized in the Table 3.4:

Table 3.4: Part 3: comparative overview of advantages and disadvantages of the methods

Netfabb RWTH

Advantages Disadvantages Advantages Disadvantages

Low height Supports in inner | Thermal man- | Height
channels agement

Low center of | Thermal man- | Supports Center of gravity
gravity agement
Contact with base
plate
3.4 Part4

From the results of the optimization of the orientation with Netfabb the best overall

orientation reported in Figure 3.12.

Figure 3.12: Part 4: best overall orientation with Netfabb
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The best orientation corresponding to each parameter is reported in Figure 3.13.

a. Supported area

d. Height

7

e. Center of gravity

Figure 3.13: Part 4: best orientation for each parameter with Netfabb
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The results of the orientation optimization approach proposed by RWTH Aachen Uni-
versity are reported, with a focus on both the correlation analysis and the transferability

study. These findings are visualized in Figure 3.14.

T

Figure 3.14: Part 4: Best orientation with RWTH method: 1 Correlation, 2 Transferability

The results for this part are similar, the orientations obtained using Netfabb and the
transferability analysis being nearly coincident, a small rotation in the y-axes is present
on the correlation results. These results optimise the volume and the area of support
structures and the bounding box; this evidence is visible also in the results obtained
for the related parameters. In this case the predominant factor for the Netfabb optimi-
zation is not related with the height and the center of gravity, this promotes an orienta-
tions that is slower than the optimum. However, it has a layer disposition that favours
the thermal management and reduce the risk of thermal deformation. Moreover, the
support structures are minimal in size and do not negatively impact the surface quality
of the blades.

Consequently, it can be stated that both approaches prioritize print quality by enhanc-

ing thermal and material management, even if at the expense of printing speed.
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The results are summarized in the Table 3.5:

Table 3.5: Part 4. comparative overview of advantages and disadvantages of the methods

Netfabb and RWTH

Advantages Disadvantages
Thermal Build time
management
Support Height
structures

High center of grav-

ity

3.5 Part5

Figure 3.15 represents the best overall orientation identified through Netfabb’s orien-

tation optimization process.

™

Figure 3.15: Part 5: best overall orientation with Netfabb

The best orientation corresponding to each parameter is reported in Figure 3.16.
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. Supported volume

h. Bounding box volume

L

j- Center of gravity

Figure 3.16: Part 5: best orientation for each parameter with Netfabb
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The outcomes of the orientation optimization method developed at RWTH Aachen Uni-
versity are presented, including both the correlation and transferability analyses. The

results of these two studies are illustrated in Figure 3.17.

Figure 3.17: Part 5: Best orientation with RWTH method: 1 Correlation, 2 Transferability

For this part the presented solutions are discordant, Netfabb’s orientation is the same
that optimizes the parameter Bounding box volume, with a good trade-off between the

other parameters.

On the other hand, the solution proposed by the RWTH method almost matches the
solution that minimizes the parameters related to the support structures, specifically in
the area where the geometry is thin and the removal of the supports can lead to com-
ponent breakage. Indeed, it is comparable to solutions offered by Netfabb for the spe-
cific parameters related to the supports, this solution presents a reduced height ac-
cording to the Netfabb orientation in favour of the build time. The comparison of the

support structures is reported in Figure 3.18.
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Figure 3.18: comparison of the support structures for the part 5

Among the solutions, none clearly outperforms the others in terms of thermal manage-

ment and resulting deformations. However, the RWTH approach demonstrate im-

proved optimization of support structures and build time.

The results are summarized in Table 3.6:

Table 3.6: Part 5: comparative overview of advantages and disadvantages of the methods

Netfabb RWTH
Advantages Disadvantages Advantages Disadvantages
Bounding box | Supports Supports Bounding box
volume volume
Supports in  thin | Supports in thin
section section

Height
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3.6 Part6

From the results of the optimization of the orientation with Netfabb the best overall

orientation reported in Figure 3.19.

Figure 3.19: Part 6: best overall orientation with Netfabb

The optimal orientation for each parameter is shown in Figure 3.20.

a. Supported area b. Supported volume
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-~

d. Height

e. Center of gravity

Figure 3.20: Part 6: best orientation for each parameter with Netfabb

The results of the orientation optimization approach proposed by RWTH Aachen Uni-
versity are reported, with a focus on both the correlation analysis and the transferability

study. These findings are visualized in Figure 3.21.
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Figure 3.21: Part 6: Best orientation with RWTH method: 1 Correlation, 2 Transferability

The results obtained from the correlation analysis and the Netfabb method are similar,
both representing the most favourable configurations in terms of support structure op-

timization and reduction of the bounding box volume.

However, the correlation-based solution requires a greater amount of support material
compared to the Netfabb solution. This discrepancy may be attributed to the resolution
limitations of the RWTH method.

In the case of the transferability analysis, the results indicate a reduced presence of
support structures in the branch areas, where the removal of the supports is critical
due to the low thickness of the geometry. Nevertheless, the internal channel requires
support, which introduces the drawback of difficult support removal. The comparison

is reported in Figure 3.22.

Figure 3.22: comparison of the support structures for the part 6
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In this context, the Netfabb approach offers the most advantageous solution for mini-
mizing geometric variation between successive layers and limiting large scanned ar-
eas, although the overall impact is less significant due to the slender geometry of the
component. However, the RWTH method minimizes the risk of damage during the
support removal stage, which represents a critical and complex stage in this technol-
ogy.

The results are summarized in the Table 3.7:

Table 3.7: Part 6: comparative overview of advantages and disadvantages of the methods

Netfabb RWTH
Advantages Disadvantages Advantages Disadvantages

Thermal Height Less supports on | Height

management the branches area

Lower center of | Supports on the Thermal

gravity branches area management
Supports in inner
channels




Comparison: Netfabb and RWTH algorithm 66

3.7 Part7

The optimal part orientation, as determined through the orientation optimization mod-

ule in Netfabb, is illustrated in Figure 3.23.

Figure 3.23: Part 7: best overall orientation with Netfabb

The best orientation for each of the parameter are reported in the Figure 3.24

a. Supported area b. Supported volume
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d. Height

e. Center of gravity

Figure 3.24: Part 7: best orientation for each parameter with Netfabb

The outcomes of the orientation optimization method developed at RWTH Aachen Uni-
versity are presented, including both the correlation and transferability analyses. The

results of these two studies are illustrated in Figure 3.25.
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Figure 3.25: Part 7: Best orientation with RWTH method: correlation and transferability coin-
cide

The orientation proposed by Netfabb corresponds to the one that optimizes the bound-
ing box volume, while also achieving a favourable trade-off among the remaining pa-
rameters, particularly height and center of gravity. The presence of support structures
is significant, as they are built directly onto the part, increasing the time required for

their removal.

The RWTH method yields a similar solution, characterized by the presence of thin ver-
tical or horizontal walls. This feature represents a critical aspect, as it may lead to
issues during the printing process, such as part collapse due to collisions with the re-

coater. However, both orientations result in a relatively low number of layers.

Overall, the two approaches produce comparable results, with a reduction in build time.
This benefit, however, comes at the expense of suboptimal support management and

the inclusion of structures prone to failure.
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The results are summarized in the Table 3.8:

Table 3.8: Part 7: comparative overview of advantages and disadvantages of the methods

Netfabb RWTH
Advantages Disadvantages Advantages Disadvantages
Height Vertical thin wall Height Vertical thin wall
Supports Supports

3.8 Part8

Figure 3.26 represents the best overall orientation identified through Netfabb’s orien-

tation optimization process.

Figure 3.26: Part 8: best overall orientation with Netfabb

The optimal orientation for each parameter is shown in Figure 3.27.
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d. Height

e. Center of gravity

Figure 3.27: Part 8: best orientation for each parameter with Netfabb
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The results of the orientation optimization approach proposed by RWTH Aachen Uni-
versity are reported, with a focus on both the correlation analysis and the transferability

study. These findings are visualized in Figure 3.28.

Figure 3.28: Part 8: Best orientation with RWTH method: 1 Correlation, 2 Transferability

The orientation for this part determined by Netfabb is driven by bounding box volume,
Height, center of gravity. The support structures are present in vertical grid this can
cause difficulties in the removing process. Additionally, there is an abrupt change of

scanned surface between horizontal and vertical grid.

In contrast the solution offered by the RWTH method involves fewer support structures
directly attached to the part, although the overall amount of support material is greater

than in the Netfabb solution. The details of the supports are reported in the Figure 3.29:

Figure 3.29: comparison of the support structures
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Netfabb favours contact with the build plate and a reduced part height, which enhance
printing speed and improve stability. Conversely, RWTH approach provides superior
thermal management and support generation, which are fundamental parameters in

PBF-LB/M processes.
The results are summarized in the Table 3.9.

Table 3.9: Part 8: comparative overview of advantages and disadvantages of the methods

Netfabb RWTH
Advantages Disadvantages Advantages Disadvantages
Height Thermal Thermal Height
management management
Center of gravity Center of gravity
Supports Supports
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4 Conclusion

This thesis has addressed the optimization of build orientation in Additive Manufactur-
ing, with a specific focus on PBF-LB/M processes. The study critically compared two
methodologies: the commercial multi-objective optimization tool Autodesk Netfabb and
a novel algorithm developed at RWTH Aachen University, which utilizes six geometry-

derived KPls to assess deformation risk.

The analysis demonstrated that the RWTH method achieves, on average, a moderate
correlation between the computed overall KPI and the observed deformations, thereby
highlighting the potential of this type of solution. However, Tests performed on data
transferability show a low correlation with deformations. A single KPI was identified as
the primary driver of the deformation prediction, significantly affecting the overall re-
sults. In conclusion, it can be stated that currently ranking orientations, based only on
KPls deriving from geometry, is not yet feasible with adequate accuracy, despite prom-

ising correlations found between deformations and geometric KPIs.

Netfabb presents a neutral approach that is well suited for industrial applications, fo-
cusing on the minimization of support structures, build height, and bounding volume.
The primary distinction between the two methods lies in their underlying strategies:
while Netfabb employs a general-purpose approach, the RWTH algorithm adopts an
approach specific to a single technology. More precisely, the RWTH method has been
developed explicitly for PBF-LB/M and is grounded in thermal considerations related

to part geometry in order to minimize deformation.

A comparison of the orientations generated by the two methods reveals substantial
differences in the majority of cases. Netfabb, as a general approach, optimizes global
parameters such as total height and center of gravity position. Conversely, the RWTH
method provides more effective solutions from the perspective of thermal process
management, with consequent advantages on residual stress and thermal defor-
mation. The presence of support structures and the subsequent challenges in their
removal do not indicate a clear advantage in support management for either method.
In fact, the results vary across the different parts analysed.

Overall, the outcomes of the two methods align with their distinct optimization objec-
tives. The developed algorithm demonstrates particular strengths through its incorpo-
ration of thermal history, which is critical for PBF-LB/M processes, whereas Netfabb

provides more general advantages based on wider optimization criteria.
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Finally, component orientation in AM remains a highly complex challenge due to the
multitude of variables involved, including the diversity of technologies, the use of poly-
mers or metals, and the variability within material types themselves. Moreover, deter-
mining an optimal solution often involves navigating trade-offs between competing fac-
tors. In this situation, the expertise of operators and designers becomes indispensabile,
as their ability to manage the inherent complexity and account for factors that are dif-
ficult to capture algorithmically is critical to achieving the most effective compromise.
In this context, the developed model serves as a valuable support tool, offering a
means to discriminate among a pre-selected set of orientations and facilitating the se-
lection the optimal configuration, based on the thermal deformation predictions for the

final component.

To ensure adequate applicability and reliability, the model requires further refinement
and enhancement. This process should include the analysis of a broader range of ge-
ometries and orientations to strengthen predictive accuracy, as well as a more detailed
investigation into the influence of specific features. Moreover, to generalize the findings
and enhance their relevance for industrial applications it is essential to evaluate the
effects of geometry and material properties, which were not considered in the present
study. Lastly, conducting experiments on physical parts will serve as a valuable vali-
dation step. Testing under practical conditions will bridge the gap between predictions

from thermal simulation and real-world conditions.
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